Abstract. Based on the single-diode model of photovoltaic cell, the mathematical model of photovoltaic array considering cloud shade is deduced reflecting the relationship between the output voltage and current. The 5 parameters in the model can be solved using the real-time measurements of output voltage and current. Then the U-I expression can be achieved and Lagrangian multiplier method is used to further determine the maximum power point of the photovoltaic array in real time. Environment circumstance is variable during the day, so the 5 parameters change according to it and the solution of the maximum power point can catch up the change.
Introduction
As the output power of photovoltaic (PV) system is dependent on the temperature and irradiation conditions, the strategies to improve the ability to get more power are necessary [1] . These strategies are called maximum power point tracking (MPPT).
There are three main kinds of MPPT method. The MPPT strategies in the first category are based on mathematical model which are deduced from reasonable mechanism model such as single-diode cell model and double-diode cell model. The open-circuit proportional coefficient method, the short-circuit proportional coefficient method and the current scanning method belong to this category. The former two simplified the mathematical model, using the approximate proportional relationship. They are inaccurate and will bring short-term disturbance to the circuit. The latter one is very slow although the accuracy is high [2] . The most popular MPPT strategies are based on perturbance. They use the direct voltage and current measurements and other information of the PV array to track the maximum power point (MPP). This category mainly includes disturbance and observation (P&O) method, conductance increasing method. These strategies need tentative adjust to the circuit to find the MPP. The logic is simple, but is not direct and is time-consuming [3] . As a result, researches now are commonly concentrated on improving the control orientation and accelerating the control speed to quickly response to the change of the environment and reduce the track time. [4] takes the advantage of conductance increasing method that it adapts to the environment change quickly. And the original fixed-step method is modified by introducing real-time value of slope of P-V curve to the step set. Large slope corresponds to large step and small slope corresponds to small step. In [5] , the double-integral slide mode control with good robust performance is adopted to eliminate the steady-state error. The oscillation effect is alleviated by selecting the new sliding surface. In [6] , MPP is determined by the fixed voltage method. The points far from the estimated point choose large step and the close ones choose small step.
The last category, namely intelligent-control-based strategies, is usually combined with perturbance optimizing strategies. Intelligent control is used to acquire the adaptive step size for the perturbance optimizing strategies. Adjusting time is reduced and the oscillation near MPP is avoid. In [7] , the probable MPP is obtained via ant colony algorithm and acts as the start values of P&O method. In [8] , PI control based on genetic algorithm is used to improve the previous P&O method.
From the analysis, the methods above cannot avoid disturbance to the circuit, and cloud shade factor usually affects the accuracy of the MPPT strategy. The mathematical way in this paper greatly improves these problems. The contributions are: 1) Mathematical model of PV array is deduced and cloud shade is considered by adding a mismatch reflecting parameter. 2) Compared with traditional MPPT methods, the strategy in this paper saves the tracking time and decreases the disturbance to the circuit.
Method

Mathematical Model of PV Array
As is shown in Fig. 1(a) , the PV array is firstly connected with DC/DC voltage regulator circuit and a DC/AC inverter. Then the alternating current is transmitted to the power grid. There are m strings of serial modules connected in parallel in the array and each string contains n modules. The schematic diagram of each module is shown in Fig. 1(b) . Considering a module consists of 3 units and each unit consists of 20 cells. Each unit is connected with a bypass diode in parallel. Bypass diodes can effectively reduce the damage of mismatching problems to the panel. The relationship expression of the output voltage and current is shown in Eq. 1:
Mathematical Model of PV Cell
Where q is the electron charge constant, 1.602 × 10 -19 C; k is the Boltzmann constant, 1.381 × 10 -23 J / K; A is the diode characteristic fitting coefficient, which is variable between 1 and 2. This relationship can be seen as an equation with five parameters to be determined. Five parameters are I ph , R sh , A, I s and R s . I ph is the photo-generated current. I s is the saturation current of equivalent diode. R sh is the equivalent parallel resistance. R s is the equivalent series resistance.
Mathematical Model of PV Array
The output voltage and current of each string can be measured in reality. Data collected system acquires the measured values and transmits them to the upper computer every certain time. To alleviate the accidental errors, the data is averaged.
In a string consist of n modules, if there are n 1 units in cloud shade and n 2 not, the equivalent voltage of each cell of the module is shown in Eq. 2. The sum of n 1 and n 2 is 3n if we consider a module with 3 units. U DD is the voltage of the bypass diode. There are six parameters to be solved in each string, namely I ph , R sh , q/AkT, I s , R s and n 2 . For each string, six sets of measurement valus of U and I are needed to solve the parameters.
MPPT Strategy
The I-U curve and the P-U curve are determined under certain external circumstances, as shown in Fig. 3 . There are three special points on the curve. They are short-circuit point, the corresponding output voltage U being 0; open-circuit point, the corresponding output current being 0; maximum power point, the corresponding output power being maximum. (U 1 ,P 1 ) Figure 3 . P-U curve and I-U curve of PV cell.
The output power is Eq. 6. The derivative of P to U at the maximum power point is 0, as shown in Eq. 7. At this point, the output power achieves maximum value as Eq. 8.
If the initial operating point is (U 1 , I 1 ) and the corresponding power is P 1 , as can be seen from the P-U curve, P 1 ≤P MP . The operation point can be adjusted by the external control device to the maximum power point (U MP , I MP ).
Solution of the Parameters
When the parameters are solved, the MPPT strategy is as follows. Eq. 3 is denoted by (9). Thus, the objective function is (10). When (6) achieve the maximum value, the optimization conditions should be satisfied as (11) shows. The nonlinear equation set can be solved by iteration method.
Result
The data is from the smart-grid building of Shanghai Jiao Tong University. Six strings of modules are chosen to verify the MPPT strategy proposed in this paper. Cloud shade is simulated by artificial masking. When four modules of the third string is "under cloud shade", the output voltage and current are fluctuate. Six sets values are displayed in Tab. 1. Based on the solved parameters, U-I equation of the PV array can be provided. Accrding to Lagrangian multiplier method, there are thirteen unknown quantities for the six string system. The maximum power point solved in this way is denoted by MPP1 in Table 3 . And the maximum power point tracked by the real inverter is recorded in Tab. 3 too, denoted by MPP2. As is shown in Tab. 3, MPP1 is close to MPP2. Error exists for the measurement error, model error and other accidental errors.
Summary
In this paper, the model is described by the relationship between voltage and current. There are 5 parameters in the model and they remain unchanged in a short duration. When irradiation and temperature change the 5 parameters change simultaneously. Real-time measurements of voltage and current provide data to form the equation set to solve the 5 parameters. Then the U-I expression can be given out and Lagrangian multiplier method is used to further determine the maximum power point of the PV array in real time. Based on the single-diode model, using real-time measured data to identify the parameters in the model can effectively track the parameter change when temperature and irradiation conditions change. However, measurement error and other accidental errors exist, resulting in the error between the parameters solved by iteration method and their actual values. When parameter identification is completed, the maximum power point can be solved via mathematical method directly. The MPPT control is part of the inverter control and MPP2 is the tracking result of real inverter in the above table. Actually, when the inverter detects the mismatch by the large fluctuation of the voltage, the inverter has to disturb the circuit many times to find the accurate direction and distance to adjust the operation point. If we use the mathematical way to solve the MPP directly, the disturbance can be avoided. Meanwhile, instead of tentative adjusts, the mathematical way also saves much time.
